A Family of Stress-Inducible GADD45-like Proteins Mediate Activation of the Stress-Responsive MTK1/MEKK4 MAPKKK  by Takekawa, Mutsuhiro & Saito, Haruo
Cell, Vol. 95, 521±530, November 13, 1998, Copyright 1998 by Cell Press
A Family of Stress-Inducible
GADD45-like Proteins Mediate Activation
of the Stress-Responsive MTK1/MEKK4 MAPKKK
JNK, especially in the absence of mitogenic stimuli, has
been shown to induce apoptosis (Chen et al., 1996a).
Inhibition of JNK activation, either by genetic inactiva-
tion or using dominant inhibitory JNK mutant, confers
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The mechanism by which the p38 and JNK pathwaysand Molecular Pharmacology
are activated by environmental stresses (e.g., UV, gHarvard Medical School
irradiation, methyl methanesulfonate [MMS], osmoticBoston, Massachusetts 02115
stress, and the translation inhibitor anisomycin) is only
vaguely defined. To address this question, we studied
the regulation of the human MTK1 MAPKKK, becauseSummary
MTK1 (its mouse homolog is known as MEKK4) has
been shown to be involved in stress-induced activationThe stress-responsive p38 and JNK MAPK pathways
of the p38 and JNK MAPKs (Gerwins et al., 1997; Take-regulate cell cycle and apoptosis. A human MAPKKK,
kawa et al., 1997). MTK1 is structurally very similar toMTK1 (5 MEKK4), mediates activation of both p38
the yeast SSK2 and SSK22 MAPKKKs, and constitutivelyand JNK in response to environmental stresses. Using
active forms of MTK1 can, when expressed in yeast,a yeast two-hybrid method, three related proteins,
specifically activate the yeast PBS2 MAPKK (the sub-GADD45a (5 GADD45), GADD45b (5 MyD118), and
strate of SSK2 and SSK22) (Takekawa et al., 1997). TheGADD45g, were identified that bound to an N-terminal
yeast response-regulator protein SSK1 is an immediatedomain of MTK1. These proteins activated MTK1 ki-
upstream activator of the SSK2 and SSK22 MAPKKKsnase activity, both in vivo and in vitro. The GADD45-
(Maeda et al., 1995). An in vitro kinase activation assaylike genes are induced by environmental stresses, in-
demonstrated that the binding of SSK1 to a site in thecluding MMS, UV, and g irradiation. Expression of
N-terminal region of SSK2 activated its kinase domainthe GADD45-like genes induces p38/JNK activation
(Posas and Saito, 1998). Human homolog of SSK1 hasand apoptosis, which can be partially suppressed by
not been identified, and the SSK1-binding site in SSK2coexpression of a dominant inhibitory MTK1 mutant
is not conserved in MTK1. It seemed possible, however,protein. We propose that the GADD45-like proteins
that MTK1 has a domain that binds an activator protein,mediate activation of the p38/JNK pathway, via MTK1/
even if such an activator is structurally unrelated toMEKK4, in response to environmental stresses.
SSK1. Thus, using yeast two-hybrid screening, we iden-
tified two human proteins that bind the MTK1 N-terminal
region. Interestingly, both are related to GADD45 (growthIntroduction
arrest and DNA damage±induced protein).
GADD45 was initially identified as a gene whoseIn mammalian cells, a variety of extracellular stimuli gen-
mRNA is rapidly induced by agents that cause DNAerate intracellular signals that converge on a limited
damage (UV, N-acetoxy-2-acetylaminofluorene, MMS,number of protein kinase cascades, commonly referred
and H2O2) (Fornace et al., 1988; Papathanasiou et al.,to as mitogen-activated protein kinase (MAPK) path-
1991). The DNA damage±induced transcription of theways (Waskiewicz and Cooper, 1995). A MAPK is acti-
GADD45 gene is mediated by both p53-dependent andvated by a specific MAPK kinase (MAPKK) through
-independent mechanisms (Kastan et al., 1992; Selvaku-phosphorylation of conserved threonine and tyrosine
maran et al., 1994; Kearsey et al., 1995a; Vairapandi etresidues in MAPK (Payne et al., 1991; Gartner et al.,
al., 1996). Although GADD45 is widely utilized as a1992). A MAPKK is activated by a specific MAPKK kinase
marker for p53 activation, its function in DNA damage±(MAPKKK) through phosphorylation of conserved threo-
induced response remains obscure. In this paper, wenine and/or serine residues (Alessi et al., 1994). A spe-
demonstrate that the human genome encodes at leastcific set of MAPKKK, MAPKK, and MAPK constitutes a
three GADD45-like proteins (GADD45a, b, and g) thatMAP kinase cascade. While the ERK1 and ERK2 MAPKs
are induced by DNA damage and/or other environmentalare activated by mitogenic stimuli, two other types of
stresses. More importantly, these GADD45-like proteins
MAPKs, JNK and p38, are activated by anti-mitogenic
bind and activate the MTK1 MAPKKK, which is upstream
stimuli such as environmental or genotoxic stress, trans-
of both the p38 and JNK MAPKs. These results may
forming growth factor b (TGFb), and the inflammatory
explain how DNA damage and other environmental
cytokines tumor necrosis factor a (TNFa) and interleu-
stresses activate the p38 and JNK MAPK cascades.
kin-1 (IL-1) (Kyriakis and Avruch, 1996; Ip and Davis,
It may also be one mechanism whereby p53 induces
1998). Activated p38 and JNK phosphorylate transcrip- apoptosis by activating p38 and JNK kinases.
tion factors including c-Jun, ATF2, Max, and GADD153
(Zervos et al., 1995; Gupta et al., 1996; Raingeaud et al., Results
1996; Wang and Ron, 1996). Persistent activation of p38/
Isolation of MTK1-Binding Proteins
In order to identify human proteins that interact with³ To whom correspondence should be addressed (e-mail: haruo_
saito@dfci.harvard.edu). the MTK1 MAPKKK, a human placenta cDNA library
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constructed with a GAL4 activator domain vector was
screened by a yeast two-hybrid method. The bait used
was a fusion construct between the LexA DNA-binding
domain and the full-length MTK1. Sixteen human cDNA
clones were isolated that interacted with MTK1. Of these
clones, three were overlapping clones of a protein that
is 93% identical to mouse MyD118. The mouse MyD118
gene was originally identified as a gene transiently ex-
pressed in growth-arrested and terminally differentiat-
ing myeloid precursor cells (Abdollahi et al., 1991). The
amino acid sequence of MyD118 is z58% identical to
that of GADD45. Interestingly, ten additional clones also
encoded another GADD45-like protein. We propose to
name the two GADD45-like proteins that we isolated as
GADD45b (5 MyD118) and GADD45g, respectively, and
the original GADD45 as GADD45a. Figure 1A shows
an alignment of the deduced amino acid sequences of
GADD45a, b, and g. The amino acid sequences of the
GADD45a, b, and g proteins are about 55%±58% identi-
cal among themselves.
Northern blot analysis of various human tissues dem-
onstrated that mRNA for GADD45a, b, and g are, re-
spectively, 1.4, 1.4, and 1.35 kb in size. The expression
patterns of the three genes show distinct tissue distribu-
tions (Figure 1B). The expression of GADD45a is known
to be induced by various agents that cause DNA dam-
age, including MMS, g irradiation, UV, and H2O2 (Fornace
et al., 1988; Papathanasiou et al., 1991). We thus exam-
ined whether the expression of GADD45b and g is also
inducible by these and other environmental stresses.
For this purpose, the p53-positive ML-1 myeloid leuke-
mia cell line was used because the radiation-mediated
induction of GADD45a is p53 dependent (Kastan et al.,
1992). As shown in Figure 1C, expression of all of the
GADD45a, b, and g genes was highly inducible by MMS.
In addition, GADD45a was induced by g irradiation, UV,
anisomycin, and H2O2, whereas high osmolarity had little
inducing potential. In contrast, GADD45b was efficiently
induced by high osmolarity as well as by UV, anisomycin,
and H2O2. Thus, each GADD45-like gene is induced by
Figure 1. Primary Structure and Expression of GADD45-like Pro-a certain subset of environmental stresses.
teins
(A) Alignment of the deduced amino acid sequences of the human
GADD45-like proteins. Conserved residues are highlighted by bold-Mapping of the GADD45-Binding Site
face letters. Dots indicate gaps introduced to optimize the sequencein the MTK1 MAPKKK
alignment.
Using the yeast two-hybrid method, it was demon- (B) Expression of the GADD45-like gene mRNA in various human
strated that not only GADD45b and g, but also GADD45a tissues. A Northern blot containing poly(A)1 RNA isolated from vari-
interacted with MTK1 (data not shown). To determine ous human tissues was probed with 32P-labeled cDNA sequences
of GADD45a, b, or g.the specific domain in MTK1 that is essential for binding
(C) Expression of GADD45-like genes under various stress condi-GADD45-like proteins, various segments of MTK1 were
tions. The ML-1 myeloid leukemia cells were treated with variousfused to the GAL4 activator domain, and their interaction
stimuli as indicated. After the 1 or 4 hr incubation, total RNA (20
with the full-length GADD45-like proteins, fused to the
mg/lane) was separated by agarose gel electrophoresis and hybrid-
LexA DNA-binding domain, was tested. Figure 2A shows ized with 32P-labeled GADD45a, b, or g cDNA probe. Ethidium bro-
typical results indicating that MTK1 residues 147±250 mide (EtBr)-stained gel of the same samples are shown at the bottom
to indicate the amounts of RNA.are sufficient for binding to GADD45g. We thus desig-
nated this segment as the GADD45-binding domain
(GADD45BD). Interestingly, they both flank a strongly conserved se-
Database search failed to identify any protein that has quence (MTK1 260±306 and SSK2 422±468) that is also
a sequence similar to GADD45BD. The sequence is not conserved in the fission yeast homolog Wik4 (Takekawa
conserved even in other MAPKKKs, including the yeast et al., 1997). The significance of this conserved se-
homolog SSK2. The location of the GADD45BD in MTK1, quence is not known.
however, is similar to the location of the SSK1-binding The region in GADD45g that is essential for its interac-
tion with the N terminus of MTK1 was also determinedsite in SSK2 (position 294±413) (Posas and Saito, 1998).
Stress-Induced Activation of MTK1/MEKK4 via GADD45
523
plasmids that express a Flag-tagged MTK1 construct
and an HA-tagged GADD45-like protein, respectively.
The Flag-MTK1 constructs contained either the full-
length MTK1, a deletion of the kinase domain (MTK1DK),
or a deletion of the GADD45-binding domain (MTK1DBD).
Flag-tagged proteins were immunoprecipitated, and co-
precipitated HA-GADD45b or g was probed by an anti-
HA monoclonal antibody. As shown in Figure 2C, both
full-length MTK1 and MTK1DK coprecipitated GADD45b
and GADD45g, whereas MTK1DBD did not. These re-
sults demonstrated that the interactions of MTK1 and
GADD45-like proteins can occur in mammalian cells.
GADD45-like Proteins Activate MTK1,
Both In Vivo and In Vitro
We then tested whether binding of the GADD45-like
proteins activates MTK1. For this purpose, COS-7 cells
were cotransfected with expression plasmids for Flag-
MTK1 and either GADD45a, b, or g. The Flag-MTK1
protein was then immunoprecipitated from transfected
cells, and its kinase activity was measured in vitro using
a specific substrate GST-MKK6(K/A) (Takekawa et al.,
1997). When the empty vector plasmid was cotrans-
fected, immunoprecipitated Flag-MTK1 had relatively
low catalytic activity (Figure 3A). However, when COS-7
cells were cotransfected with an expression plasmid for
either GADD45a, b, or g, significant increases of the
Flag-MTK1 kinase activity were observed (Figure 3A,
left panel). The increases in the Flag-MTK1 activity
were roughly proportional to the concentrations of the
cotransfecting GADD45g plasmid (Figure 3B). Interest-
ingly, a mutant of MTK1 that lacks the GADD45-binding
domain (MTK1DBD) was not activated by coexpression
Figure 2. Interaction of GADD45-Related Proteins with MTK1 of GADD45g, suggesting that a direct interaction of
(A) Yeast two-hybrid analysis of the GADD45-binding domain in GADD45-like protein is necessary for activating MTK1
MTK1. Interactions of various MTK1 segments fused to the GAL4 (Figure 3A, right panel).
activator domain with the full-length GADD45g fused to the LexA
We thus tested whether the GADD45-like proteins ac-DNA-binding domain were evaluated by the filter b-galactosidase
tivate MTK1 directly, using purified GADD45-like pro-assay. The amino acid positions of the MTK1 fragments included
teins and MTK1 protein, in an in vitro kinase activationin the constructs are indicated. The position of the GADD45-binding
domain in MTK1 is shown schematically at the bottom. assay. It was found, however, that the relatively low
(B) Yeast two-hybrid analysis of the MTK1-binding domain in activities of the Flag-MTK1 proteins purified from trans-
GADD45g. Interactions of various GADD45g fragments fused to the fected COS-7 cells (see Figure 3A) were still too high
GAL4 activator domain with the full-length MTK1 protein fused to
for this purpose, obscuring in vitro activation. To reducethe LexA DNA-binding domain were examined as in (A). The amino
the residual activity, we treated the purified Flag-MTK1acid positions of the GADD45g fragments included in the constructs
with alkaline phosphatase, because it was previouslyare indicated. The position of the MTK1-binding domain in GADD45g
is shown schematically at bottom. observed that dephosphorylation of MAPKKKs reduced
(C) Association of MTK1 and GADD45b or GADD45g in mammalian their residual activities (Deak and Templeton, 1997; Po-
cells. COS-7 cells were transiently cotransfected with either an HA- sas and Saito, 1998). Addition of purified GST-GADD45g
GADD45b or an HA-GADD45g construct together with Flag-MTK1 fusion protein, produced in bacteria, to the dephosphor-
(or its deletion derivative) constructs. The top and middle panels
ylated MTK1 stimulated its kinase activity in a dose-show the amounts of Flag-MTK1 and HA-GADD45 proteins in the
dependent manner (Figure 3C). In contrast, the GSTtotal cell lysates. The lower molecular weight bands in the Flag-
MTK1 and Flag-MTK1DK lanes are probably proteolytic cleavage domain alone had no stimulatory effect. Purified GST-
products (the corresponding cleavage product of Flag-MTK1DBD GADD45b, and to a lesser extent GST-GADD45a, also
is outside the gel shown here). Flag-MTK1 was immunoprecipitated had stimulatory effects in the in vitro kinase activation
using anti-Flag antibody, and the presence of HA-GADD45 in the assay (Figure 3D). Therefore, the binding of the GADD45-
precipitates was probed by an anti-HA antibody (lower panel).
like proteins appears to activate the MTK1 kinase activ-
ity directly.
using the two-hybrid method. As shown in Figure 2B,
most of the GADD45g sequence (amino acids 24±147) Expression of GADD45-like Proteins Activates
is required for a successful interaction with MTK1. the p38 and JNK Pathways,
The interaction of the GADD45-like proteins with But Not the ERK Pathway
MTK1 was further investigated using in vivo coprecipita- Previously it was demonstrated that MTK1 (MEKK4) is
an upstream activator of the p38 and JNK pathways,tion experiments. COS-7 cells were cotransfected with
Cell
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Figure 4. GADD45-like Proteins Activate the p38 and JNK Pathways
Figure 3. GADD45-like Proteins Activate MTK1, Both In Vivo and In
(A) COS-7 cells were transiently transfected with 1.4 mg per plate
Vitro
of the expression plasmid carrying GADD45a, b, g, GADD153, or
(A) In vivo activation of MTK1 by GADD45-like proteins. COS-7 cells the empty vector (pcDNAI-Amp), together with 0.6 mg of pHA-p38,
were transiently transfected with 0.7 mg of an expression vector pHA-JNK1, or pHA-ERK2. After 32 hr, the kinase activities of immu-
encoding either Flag-MTK1 or Flag-MTK1DBD, together with 1.4 mg noprecipitated HA-tagged MAPKs were measured in vitro using
of a plasmid encoding either GADD45a, b, or g. After 32 hr, cells appropriate exogenous substrates (GST-ATF2, GST-jun, and MBP)
were lysed and the Flag-MTK1 or Flag-MTK1DBD was immunopre- as indicated. The expression level of each HA-MAPK was monitored
cipitated. Kinase activities of the precipitates were measured using by anti-HA blotting.
a specific substrate GST-MKK6(K/A) (upper panel). The expression (B) A kinase-domain truncated form of MTK1 (MTK1DK) inhibits the
levels of Flag-MTK1 and Flag-MTK1DBD were monitored by immu- GADD45-induced p38 activation. COS-7 cells were cotransfected
noblotting using anti-Flag antibody (lower panel). with expression vectors for HA-p38 (0.2 mg/plate), GADD45g
(B) Dose-dependent activation of MTK1 by GADD45g in vivo. COS-7 (0.15 mg/plate), and MTK1DK as indicated. The total amount of trans-
cells were transfected with 0.7 mg of pFlag-MTK1, or the control fected plasmid DNA was kept constant by including appropriate
kinase-dead pFlag-MTK1(K/R), together with indicated amounts of amounts of pcDNAI-Amp. After 32 hr, the kinase activity of immuno-
pGADD45g. The total amount of transfected DNA was kept constant precipitated HA-p38 was measured as in (A). The expression level
by including appropriate amounts of the empty vector pcDNAI-Amp. of HA-p38 was monitored by anti-HA blotting.
Kinase activities of immunoprecipitated Flag-MTK1 was measured (C) Inhibition of the DNA damage±induced p38 activation by catalyti-
as in (A). cally inactive MTK1(K/R). COS-7 cells were transfected with 1.5 mg
(C) In vitro activation of MTK1 by GADD45g. Immunopurified Flag- per plate of the empty vector pcDNAI-Amp (Vector) or expression
MTK1 bound to Gamma-Bind beads was incubated with alkaline plasmid for catalytically inactive MTK1(K/R), together with 0.5 mg
phosphatase. After washing extensively, beads were incubated with of expression plasmid encoding Flag-p38. Transfected cells were
the indicated amounts of purified GST-GADD45g or GST. Kinase stimulated with MMS (100 mg/ml for 3 hr). Kinase activity of Flag-
activity of Flag-MTK1 was then assayed using GST-MKK6(K/A) as p38 was assayed as in (A). These experiments (A±C) were repeated
a substrate. Phosphorylated proteins were separated by SDS-PAGE at least three times with similar results.
and detected by autoradiography. These experiments were re-
peated at least three times with similar results.
HA-ERK2). The activity of immunopurified HA-tagged(D) In vitro activation of MTK1 by GADD45a, b, and g. Phosphatase-
treated Flag-MTK1 was incubated with 10 mg of the indicated pro- MAPK was then measured using an in vitro kinase assay.
teins. Kinase activity of Flag-MTK1 was then assayed as in (C). As shown in Figure 4A (left panel), the expression of
either GADD45a, b, or g resulted in strong induction of
the p38 or JNK1 activities, but not that of ERK2.
As described later in this paper, expression of thebut not the ERK pathway (Gerwins et al., 1997; Takekawa
et al., 1997). It follows, therefore, that expression of GADD45-like proteins is cytotoxic. It is known that apo-
ptotic process can induce stress responses. For exam-GADD45-like proteins will activate the p38 and JNK ki-
nases. To test this prediction, COS-7 cells were cotrans- ple, activated caspases cleave MEKK1 to induce its
catalytic activity (Cardone et al., 1997; Deak et al., 1998).fected with an expression vector for either GADD45a,
b, or g, together with another vector that encodes for Thus, it was possible that the observed activation of
p38/JNK by expression of the GADD45-like proteins wasan HA-tagged MAPK construct (HA-p38, HA-JNK1, or
Stress-Induced Activation of MTK1/MEKK4 via GADD45
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Figure 5. Colocalization of MTK1 and
GADD45g
(A±C) Subcellular localization of MTK1 and
GADD45g in transfected HeLa cells. HeLa
cells were cotransfected with pFlag-MTK1
(0.5 mg/plate) and pGFP-GADD45g (0.5 mg/
plate). Twenty-four hours after transfection,
cells were fixed. (A) Flag-MTK1 was detected
with the anti-Flag M2 antibody and a rhoda-
mine-conjugated secondary antibody (red).
(B) GFP-GADD45g was detected by its green
fluorescence (green). (C) Colocalization of
Flag-MTK1 and GFP-GADD45g in the cyto-
plasm was detected using combined fluores-
cence (yellow).
(D±F) MTK1 is localized on the ER. HeLa cells
were transfected with pFlag-MTK1 (1.0 mg/
plate). Twenty-four hours after transfection,
cells were fixed. (D) Flag-MTK1 was detected
as described above (red). (E) ER was stained
with DiOC6(3) (green). (F) Localization of Flag-
MTK1 on ER was detected using combined
fluorescence (yellow).
an indirect effect of their cytotoxicity. However, no the nucleus, but there was also a significant expression
in the cytoplasm (Figure 5B). GFP-GADD45a and b hadcleavage of MTK1 was observed upon expression of
the GADD45-like proteins (data not shown). Further- an essentially identical expression pattern (data not
shown). Superposition of the expression patterns ofmore, expression of another cytotoxic protein GADD153
(5 CHOP) did not activate the p38/JNK kinases, at least GADD45g and MTK1 indicates that the cytoplasmic por-
tions of their distributions are identical (Figure 5C). Thus,under our experimental conditions (Figure 4A, right
panel). GADD153 is structurally unrelated to GADD45, a significant proportion of the GADD45 proteins is found
in the same compartment as MTK1, at least for thesebut their expression causes cytotoxicity of similar extent
(Fornace et al., 1988; Zhan et al., 1994; Matsumoto et transfected cells. The mesh-like distribution of MTK1
(Figure 5D) coincides with that of the endoplasmic retic-al., 1996; Wang and Ron, 1996; Zinszner et al., 1998).
Thus, the effect of GADD45-like proteins on p38/JNK ulum (ER) as revealed by DiOC6(3) staining (Figures 5E
and 5F). These results are consistent with the notioncannot be explained by their cytotoxicity alone.
The activation of p38 by expression of GADD45g was that the GADD45-like proteins bind and activate the
cytoplasmic MTK1 MAPKKK, although it is likely thatsignificantly suppressed by coexpression of the N-ter-
minal domain of MTK1 (MTK1DK), indicating a competi- the GADD45-like proteins have additional roles in the
nucleus where MTK1 is absent.tion for GADD45g binding between the endogenous
MTK1 and the kinase-deficient MTK1DK (Figure 4B). A
dominant inhibitory MTK1 mutant, MTK1(K/R), also in- Expression of GADD45-like Proteins
Is Cytotoxic and Induces Apoptosishibited activation of p38 by MMS (Figure 4C). Further-
more, we previously demonstrated that MTK1(K/R), but Expression of GADD45a has been shown to reduce, by
more than 75%, the formation of colonies in human cellnot MTK1(K/R)DN that lacks the N-terminal 606 amino
acids including GADD45BD, inhibits activation of p38 by lines (Zhan et al., 1994). We thus tested whether the
expression of GADD45b or g is also cytotoxic. As shownUV irradiation or osmotic stress (Takekawa et al., 1997).
Taken together, these results indicate that the GADD45- in Figures 6A and 6B, expression of either GADD45a,
b, or g reduced the number of viable HeLa cells by 80%like proteins can activate the p38 and JNK pathways,
by binding and activating the MTK1 MAPKKK. or more. Furthermore, the average sizes of the colonies
are smaller when transfected with the expression plas-
mids for GADD45-like proteins, as compared to the con-Colocalization of GADD45-like Proteins and MTK1
To examine the subcellular localization of the GADD45- trol cells transfected with the empty expression vector.
To examine whether cell growth suppression is duelike proteins and MTK1, HeLa cells were cotransfected
with expression plasmids encoding Flag-tagged MTK1 to apoptosis, ML-1 cells were transiently transfected
with a GADD45a, b, or g expression plasmid, and theand either green fluorescent protein (GFP)-GADD45a,
b, or g fusion protein. Figure 5A shows that Flag-MTK1 sizes of the chromosomal DNA were analyzed by aga-
rose gel electrophoresis. The chromosomal DNA iso-was exclusively expressed in the cytoplasm. In contrast,
expression of GFP-GADD45g was mainly observed in lated from cells transfected with either GADD45a, b, or g
Cell
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proteins. Indeed, apoptosis induced by GFP-GADD45g
(Figure 7J) was significantly delayed by coexpression
of MTK1DK (Figure 7K). This inhibitory effect is de-
pendent on the binding of MTK1DK and GADD45g, be-
cause coexpression of MTK1DBDDK, which lacks the
GADD45-binding domain, does not suppress GADD45g-
induced apoptosis (Figure 7L). The time course of the
apoptosis induced by GFP-GADD45g is summarized in
Figure 7G.
Discussion
Eukaryotic cells respond to DNA damage by activating
signal transduction pathways that lead to cell cycle ar-
rest, DNA repair, and/or apoptosis. Evidently, these
choices are designed to maximize cellular survival while
minimizing the chance of carcinogenesis. Despite their
importance, however, many of the steps in these signal-
ing cascades are incompletely understood.
Perhaps the most prominent among the early re-
sponses induced by DNA damage is the activation of
the transcription factor p53 (Karin and Hunter, 1995;
Ko and Prives, 1996). The p53 tumor-suppressor gene
product, when stabilized and accumulated in damaged
cells, induces the p53-dependent genes such as p21/
Cip1/WAF1, MDM2, and GADD45a. p21, being an inhibi-
tor of the cyclin-dependent kinases, effects a temporaryFigure 6. Expression of GADD45-like Proteins Is Cytotoxic
cell cycle arrest in the G1 phase that allows repair of(A) Expression of GADD45-like proteins suppresses cell growth.
DNA damage (Gottlieb and Oren, 1996). The oncoproteinHeLa cells (4 3 105 cells) were transfected with 1 mg of either the
empty expression vector pSEP7 (Control) or pSEP7-GADD45a, b, MDM2 binds and inhibits the function of p53 (Momand
or g. After 36 hr, transfected cells were subjected to hygromycin et al., 1992). In contrast, the role of GADD45a remains
selection on 10 cm dishes. After 2 weeks, the plates were fixed and obscure. While it has been proposed that GADD45a is
stained with Giemsa solution. directly responsible for the DNA excision repair process,
(B) The number of viable colonies in the above experiment was
this hypothesis has not been substantiated (Kazantsevcounted and normalized to the results obtained with the control
and Sancar, 1995; Kearsey et al., 1995b).vector (average of three independent experiments). Average number
of viable colonies/dish for mock transfected HeLa cells was 450. Another prominent event that is induced by DNA dam-
(C) Transient expression of GFP-GADD45a, b, or g, but not GFP, age is activation of the p38 and JNK MAPK cascades
induced fragmentation of chromosomal DNA in the ML-1 cells. Chro- (Kyriakis and Avruch, 1996). Unlike p53, however, these
mosomal DNA was isolated from Triton-solubilized cells, size sepa- signaling cascades can also be induced by other envi-
rated by agarose gel electrophoresis, and stained with ethidium
ronmental stimuli, such as osmotic shock and proin-bromide.
flammatory cytokines. These diverse activation mecha-
nisms appear to be reflected in an equally diverse array
was fragmented in a manner characteristic of apoptotic of upstream activators (e.g., the Rho-family GTPases
cells (Figure 6C). Cdc42Hs and Rac1, and the protein kinases ASK1,
To further examine the apoptotic effect of GADD45- PAK1, and HPK1). It has been proposed that UV acti-
like proteins, HeLa cells were transiently transfected vates these pathways by cross-linking multiple growth
with expression plasmid for GFP-GADD45a, b, or g factor and cytokine receptors (Rosette and Karin, 1996).
fusion protein. GFP allows specific detection of trans- While this is a possible mechanism for UV induction of
fected cells by its green fluorescence. After 48 hr, nuclei these MAPK cascades, it may not explain the induction
of the transfected cells were stained with DAPI to detect by ionizing radiation or by genotoxic chemicals, be-
any chromatin condensation that is typical of apoptotic cause these agents do not cross-link the cell surface
cells. Expression of GFP alone had no significant effect receptors.
on the cell viability, cell morphology, or nuclear structure Our finding that GADD45-like proteins activate the
(Figures 7A and 7E). In clear contrast, HeLa cells that MTK1 MAPKKK brings together two phenomena that
express GFP-GADD45a, b, or g fusion protein showed were previously thought unrelated: the DNA damage±
cell shrinkage, chromatin condensation, and fragmenta- induced expression of the GADD45-like genes, and the
tion of nucleus that are characteristic of apoptotic cells DNA damage±induced activation of the p38 and JNK
(Figures 7B±7D and 7F±7H). MAPK pathways. DNA damage, and other environmen-
We demonstrated in Figure 4B that expression of tal stresses, may induce the GADD45-like genes either
MTK1DK inhibited activation of the p38 pathway induced through p53 or by other means (Kastan et al., 1992;
by GADD45g expression. Thus, it would be expected Selvakumaran et al., 1994; Kearsey et al., 1995a; Vaira-
that coexpression of the dominant inhibitory MTK1DK pandi et al., 1996). The GADD45-like proteins then acti-
vate the MTK1 MAPKKK, which is an upstream activatorwould also inhibit apoptosis induced by GADD45-like
Stress-Induced Activation of MTK1/MEKK4 via GADD45
527
Figure 7. Expression of GADD45-like Pro-
teins Induces Apoptotic Cell Death
(A±H) HeLa cells growing on coverslips were
transfected with 1 mg of either pGFP expres-
sion vector (A and E), pGFP-GADD45a (B and
F), pGFP-GADD45b (C and G), or pGFP-
GADD45g (D and H). Forty-eight hours after
transfection, cells that expressed GFP or
GFP-fusion protein were detected by fluores-
cence microscopy (A±D). Changes of the
chromatin structure in the same transfected
cells were monitored by DAPI staining (E±H).
GFP-positive cells are indicated by arrow-
heads in (E)±(H). Some cells are invisible in
(A)±(D), because they do not express GFP or
GFP-fusion protein. Those cells are visible
in (E)±(H) and have normal nuclear staining
pattern.
(I±L) Overexpression of the dominant inhibi-
tory MTK1DK suppresses GADD45g-induced
apoptosis. HeLa cells were cotransfected
with the following combinations of expres-
sion plasmids: (I) pGFP and pcDNAI; (J)
pGFP-GADD45g and pcDNAI; (K) pGFP-
GADD45g and pcDNAI-MTK1DK; (L) pGFP-
GADD45g and pcDNAI-MTK1DBDDK. For
each combination, 0.1 mg/plate of a pGFP-
based plasmid and 1.0 mg/plate of a pcDNAI-
based plasmid were transfected. Forty-eight
hours after transfection, the cells were fixed
for fluorescence microscopy.
(M) HeLa cells were transfected as in (I)±(L),
and at the indicated time points the fractions
of apoptotic cells were determined by divid-
ing the number of GFP-positive cells that ex-
hibit apoptotic morphology (round cell shape
with condensed nucleus) by the total number
of GFP-positive cells. At least 400 cells from
five randomly chosen fields were counted for
each data point.
of both p38 and JNK MAPKs. Observations made with The p38 and JNK pathways have been implicated in
cell cycle regulation. For example, microinjection of p38,the cells of ataxia telangiectasia patients are consistent
with our model (Kastan et al., 1992; Artuso et al., 1995; MKK3, MKK6, SEK1, or GCK inhibits cell cycle progres-
sion, and activation of the p38 pathway suppresses theShafman et al., 1995). In these cells, neither activation
of p53 nor induction of the GADD45a gene occurred expression of cyclin D1 (Lavoie et al., 1996; MolnaÂ r et
al., 1997). The temporary cell cycle arrest might promoteupon g irradiation. Significantly, these cells also failed
to activate the JNK pathway after g irradiation. These cell survival. Various lines of evidence, however, suggest
that the JNK and probably p38 pathways also mediateresults are consistent with a role of GADD45-like pro-
teins in p38/JNK activation. However, whether the apoptosis. For instance, it has been shown that JNK
activation is required for apoptosis induced by growthGADD45-like proteins are obligatory for the stress-
induced activation of MTK1/MEKK4 awaits the genera- factor withdrawal, UV, g radiation, ceramide, heat shock,
and DNA-damaging drugs (Chen et al., 1996a; Zenke ettion of GADD45 knock-out mice.
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according to Takekawa et al. (1997). However, because the shorter,al., 1996). Overexpression of an activated form of JNK1
spliced-out isoform of MTK1 was used, amino acid positions 1175±caused cell death, whereas expression of dominant in-
1223 are missing in all of the MTK1 constructs used in this study.hibitory mutants of SEK1 or JNK1 prevented the UV-
GFP fusion constructs were made using the pEGFP-C1 vector (Clon-
and g radiation±induced cell death (Chen et al., 1996a, tech). The mammalian expression vector pSEP7 was constructed
1996b; Butterfield et al., 1997). by replacing the RSV promoter in pREP7 (Invitrogen) with the SRa
promoter. A CHOP (GADD153) cDNA clone was a gift of D. RonThus, the JNK and p38 pathways may provide signals
(Wang and Ron, 1996).both for cell survival and for cell death. Based on the
observations that transient activation of JNK enhanced
Two-Hybrid Screening and b-Galactosidase Assaycell growth, while persistent activity induced apoptosis,
The two-hybrid analysis was carried out essentially as describedit was proposed that the duration and magnitude of JNK
previously (Durfee et al., 1993), using pACTII (for GAL4 activator
and p38 activation are major determinants of cell fate domain) (Li et al., 1994) and pBTM116 (for LexA DNA-binding do-
(Chen et al., 1996b; Guo et al., 1998). In our experiments main) (Vojtek et al., 1993). A human placenta cDNA library in the
reported here, ectopic expression of the GADD45-like pACTII plasmid was screened for proteins that interact with MTK1(K/
R). b-galactosidase activity was visualized in situ using X-gal asproteins induced apoptotic cell death as well as activa-
described (Vojtek et al., 1993).tion of the JNK and p38 pathways. These conditions
probably induced persistent and intense JNK and p38
Expression and Purification of Epitope-Tagged Proteinsactivation that favored apoptotic outcomes.
GST-fusion proteins were constructed using pGEX-4T (Pharmacia).
Our results demonstrate that the cytoplasmically ex- GST-ATF2, GST-MKK6(K/A), GST-c-Jun, and GST-GADD45g were
pressed GADD45-like proteins are colocalized with MTK1, expressed in E. coli DH5 and purified using glutathione-Sepharose
consistent with our conclusion that GADD45-like pro- beads (Pharmacia) as described (Takekawa et al., 1997).
teins are activators of MTK1. However, the strong nu-
clear expression of the GADD45-like proteins suggests Coimmunoprecipitation Assay
Cell lysates were prepared in IP buffer. Cell extracts (600 mg) werethat they have additional function(s) in the nucleus. It
incubated with 3 mg of anti-Flag mAb M2 (IBI-Kodak) for 6 hr at 48C,has been reported that both GADD45a and GADD45b
mixed with 35 ml of GammaBind Plus Sepharose suspension, and(MyD118) interact with the nuclear proteins p21 and
incubated for an additional hour. Immunoprecipitates were collected
PCNA (Smith et al., 1994; Kearsey et al., 1995a; Vaira- by centrifugation, washed three times with IP buffer plus 0.5%
pandi et al., 1996). Although the physiological signifi- deoxycholate, five times with IP buffer alone, and subjected to SDS-
PAGE. Immunoblot analysis was performed with the anti-HA mAbcance of these interactions has not been elucidated, it
12CA5 (Boehringer Mannheim).seems possible that the nuclear and cytoplasmic func-
tions of the GADD45-like proteins cooperatively induce
Northern Blot Analysesgrowth arrest and apoptosis in response to environmen-
ML-1 cells were exposed to various stresses as follows: methyltal stresses, including DNA damage.
methanesulfonate (MMS; 100 mg/ml), g ray (20 Gly), UV-C (100 J/m2 ),
anisomycin (10 mg/ml), H2O2 (0.5 mM), sorbitol (0.3 M), and after 1
or 4 hr, total RNA was prepared using Trizol (GIBCO-BRL). TwentyExperimental Procedures
micrograms/lane of total RNA was fractionated by denaturing aga-
rose gel electrophoresis and transferred onto a nylon membrane.Media and Buffers
The human tissue RNA blot was obtained from Clontech and con-Lysis buffer is 20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 10%
tains 2 mg of poly(A)1 RNA per lane.glycerol, 137 mM NaCl, 2 mM EDTA, 50 mM b-glycerophosphate,
1 mM sodium vanadate, 1 mM dithiothreitol, 1 mM PMSF, 10 mg/
ml leupeptin, and 10 mg/ml aprotinin. Kinase buffer is 25 mM Tris- Tissue Culture and Transient Transfection
HCl (pH 7.5), 25 mM MgCl2, 1 mM EGTA, 2 mM dithiothreitol, 0.5 COS-7 and HeLa cells were maintained in Dulbecco's modified Ea-
mM sodium vanadate, and 25 mM b-glycerophosphate. IP buffer is gle's medium (DMEM) supplemented with 10% fetal bovine serum,
40 mM Tris-HCl (pH 7.5), 1% NP40, 150 mM NaCl, 5 mM EGTA, 1 L-glutamine, penicillin, and streptomycin. Human ML-1 myeloid leu-
mM DTT, 1 mM PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 20 kemia cells were grown in RPMI-1640 medium supplemented with
mM NaF, and 1 mM sodium vanadate. SDS loading buffer is 50 mM 10% fetal bovine serum. For transient transfection assays, cells
Tris-HCl (pH 6.8), 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol grown in 35 mm dishes were transfected with the appropriate ex-
blue, and 10% glycerol. Alkaline phosphatase (AP) buffer is 50 mM pression plasmids using Lipofectamine (GIBCO-BRL). Total amount
Tris-HCl (pH 8.0), 100 mM NaCl, 10 mM MgCl2. Phosphatase inhibitor of plasmid DNA was adjusted to 2 mg per plate with vector DNA
cocktail contains 25 mM NaF, 2 mM sodium vanadate, and 25 mM (pcDNAI-Amp).
b-glycerophosphate. YPD plate for yeast cells contains, per 1 liter,
10 g yeast extract, 20 g Tryptone, 20 g dextrose, and 15 g agar. Immunocomplex Protein Kinase Assay
To assess the kinase activity of immunoprecipitated Flag-MTK1,
transfected cells were lysed in the lysis buffer containing 0.5%Plasmids
Mammalian expression plasmids pMT3-HA-p38, pSRa-HA-JNK1, deoxycholate. Cell lysates were incubated with anti-Flag mAb M2
for 2 hr at 48C. Immunocomplexes were recovered with the aid ofpSRa-HA-ERK2, GST-MKK6(K/A), GST-ATF2, and GST-jun were de-
scribed (Takekawa et al., 1997). GADD45 expression plasmids Gamma-Bind-Sepharose beads (Pharmacia), washed three times
with lysis buffer containing 0.5% deoxycholate and 500 mM NaCl,(pGADD45a, pGADD45b, and pGADD45g) were constructed by in-
serting the complete ORFs into pcDNAI-Amp (Invitrogen). A PCR- and twice with kinase buffer, as described previously (Coso et al.,
1995). Immunoprecipitates were resuspended in 30 ml of the kinasebased procedure was used to attach an HA-tag sequence to the N
terminus of the GADD45b and GADD45g ORFs to generate pHA- buffer containing 3 mg of the specific substrate GST-MKK6(K/A).
The kinase reaction was initiated by addition of 20 mCi [g-32P]ATPGADD45b and pHA-GADD45g, respectively. A Flag-tagged MTK1
construct (pFlag-MTK1) was generated using a modified expres- and 25 mM cold ATP. After 10 min incubation at 308C, reactions
were terminated by adding 15 ml of 33 SDS loading buffer. Samplession vector based on pcDNAI-Amp. pFlag-MTK1(K/R) contains a
Lys1371-to-Arg mutation (Takekawa et al., 1997). pFlag-MTK1DBD were boiled for 5 min, separated by SDS-PAGE on 7.5% polyacryl-
amide gels, dried, and visualized by autoradiography. The kinaseand pFlag-MTK1DK were constructed by deleting, respectively,
from Met-1 to Thr-252, and from Trp-1342 to the C terminus, of the activity of precipitated epitope-tagged MAPK was measured using
specific substrates as described previously (Takekawa et al., 1997).MTK1 coding sequence. The amino acid numbering in MTK1 is
Stress-Induced Activation of MTK1/MEKK4 via GADD45
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In Vitro Kinase Activation Assay Frisch, S.M. (1997). The regulation of anoikis: MEKK-1 activation
requires cleavage by caspases. Cell 90, 315±323.Flag-MTK1 was expressed in COS-7 cells and purified using anti-
Flag mAb and Gamma-Bind-Sepharose beads. Bead-bound pro- Chen, Y.-R., Meyer, C.F., and Tan, T.-H. (1996a). Persistent activa-
teins were incubated with 40 U of calf-intestinal alkaline phospha- tion of c-Jun N-terminal kinase 1 (JNK1) in g radiation-induced apo-
tase in 50 ml of AP buffer for 20 min at 308C. After alkaline phospha- ptosis. J. Biol. Chem. 271, 631±634.
tase treatment, beads were washed four times with lysis buffer plus Chen, Y.-R., Wang, X., Templeton, D., Davis, R.J., and Tan, T.-H.
500 mM NaCl, and twice with kinase buffer. Beads were mixed with (1996b). The role of c-Jun N-terminal kinase (JNK) in apoptosis
various amounts of purified GST or GST-GADD45a, b, or g protein induced by ultraviolet C and g radiation: duration of JNK activation
in 30 ml of kinase buffer, and incubated at 48C for 15 min. The may determine cell death and proliferation. J. Biol. Chem. 271,
kinase reaction was initiated by the addition of 3 mg of purified GST- 31929±31936.
MKK6(K/A) and 50 mM [g-32P]ATP (50 Ci/mmol). After incubation at
Coso, O.A., Chiariello, M., Yu, J.-C., Teramoto, H., Crespo, P., Xu,308C for 15 min, the kinase reaction was terminated by the addition
N., Miki, T., and Gutkind, J.S. (1995). The small GTP-binding proteinsof 33 SDS loading buffer. Proteins were separated by SDS-PAGE,
Rac1 and Cdc42 regulate the activity of the JNK/SAPK signalingand autoradiography was performed.
pathway. Cell 81, 1137±1146.
Deak, J.C., and Templeton, D.J. (1997). Regulation of the activity ofDNA Fragmentation Assay
MEK kinase 1 (MEKK1) by autophosphorylation within the kinaseML-1 cells were suspended at a density of 2 3 107 cells/ml and
activation domain. Biochem. J. 322, 185±192.transfected by electroporation using the Bio-Rad Gene Pulser II at
0.25 kV and 975 mF. Ten hours later, viable cells were purified by Deak, J.C., Cross, J.V., Lewis, M., Qian, Y., Parrott, L.A., Distelhorst,
Ficoll gradient centrifugation. Viable cells were cultured for an addi- C.W., and Templeton, D.J. (1998). Fas-induced proteolytic activation
tional 26 hr and lysed in a buffer containing 0.4% Triton X-100, 5 and intracellular redistribution of the stress-signaling kinase MEKK1.
mM EDTA, and 25 mM Tris (pH 7.5). The sizes of purified DNA were Proc. Natl. Acad. Sci. USA 95, 5595±5600.
analyzed by agarose gel electrophoresis. Durfee, T., Becherer, K., Chen, P.-L., Yeh, S.-H., Yang, Y., Kilburn,
A.E., Lee, W.-H., and Elledge, S.J. (1993). The retinoblastoma protein
Immunofluorescence and Microscopic Observation associates with the protein phosphatase type 1 catalytic subunit.
of Apoptotic Cells Genes Dev. 7, 555±569.
HeLa cells growing on glass coverslips were transfected using Lipo- Fornace, A.J., Jr., Alamo, I., Jr., and Hollander, M.C. (1988). DNA
fectamine. Twenty-four hours after transfection, cells were fixed damage-inducible transcripts in mammalian cells. Proc. Natl. Acad.
with 3% paraformaldehyde in PBS (pH 7.4) for 10 min. After washing Sci. USA 85, 8800±8804.
with PBS, cells were permeabilized with 0.1% Triton X-100 for 5
Gartner, A., Nasmyth, K., and Ammerer, G. (1992). Signal transduc-min, washed again, and incubated in blocking solution (3% BSA in
tion in Saccharomyces cerevisiae requires tyrosine and threoninePBS) at 48C for 2 hr. Cells were incubated with 2.5 mg/ml of anti-
phosphorylation of FUS3 and KSS1. Genes Dev. 6, 1280±1292.Flag mAb M2 at 48C for 1 hr in PBS containing 2% BSA. Cells
Gerwins, P., Blank, J.L., and Johnson, G.L. (1997). Cloning of awere washed three times with PBS and incubated with rhodamine-
novel mitogen-activated protein kinase kinase kinase, MEKK4, thatconjugated goat anti-mouse IgG1 (Southern Biotechnology Associ-
selectively regulates the c-Jun amino terminal kinase pathway. J.ates) for an additional 1 hr. The coverslips were washed three times
Biol. Chem. 272, 8288±8295.with PBS and mounted in FluorSave (Calbiochem). To visualize the
ER, cells were incubated in 0.5 mg/ml of 3, 39-dihexyloxacarbocya- Gottlieb, T.M., and Oren, M. (1996). p53 in growth control and neo-
nine iodide [DiOC6(3)] (Molecular Probes) for 1 min. Transfected plasia. Biochim. Biophys. Acta 1287, 77±102.
HeLa cells were fixed, permeabilized, and stained with DAPI (0.025 Guo, Y.-L., Baysal, K., Kang, B., Yang, L.-J., and Williamson, J.R.
mg/ml in PBS) for their nuclei. (1998). Correlation between sustained c-Jun N-terminal protein ki-
nase activation and apoptosis induced by tumor necrosis factor-a
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